Acta Materialia 54 (2006) 5607–5615
www.actamat-journals.com

Measurement and modelling of the nanoindentation response of
shape memory alloys
A.J. Muir Wood, T.W. Clyne

*

Department of Materials Science and Metallurgy, Cambridge University, Pembroke Street, Cambridge CB2 3QZ, UK
Received 25 April 2006; received in revised form 18 July 2006; accepted 8 August 2006
Available online 23 October 2006

Abstract
A nickel–titanium shape memory alloy was subjected to nanoindentation over a range of temperature (up to 200 °C), such that the
starting material was either predominantly martensitic or largely composed of the parent phase. The load–displacement data were interpreted to give information about whether the imposed strain was being at least partly accommodated by the martensitic phase transformation, i.e. whether superelastic deformation was taking place. This interpretation was assisted by ﬁnite element simulation of the
evolving strain ﬁeld under an indenter, with or without the superelastic deformation mechanism being operative. It is concluded that
the nanoindentation response can be used to determine whether the material is capable of exhibiting superelastic deformation, provided
appropriate procedures are employed. Spherical indenters are more suitable than sharp tips. A relatively low value for the remnant
indent depth ratio (depth after unloading/depth at peak load) is indicative that superelasticity is occurring. The procedure was found
to be viable with a small radius (10 lm) spherical indenter, so it can be employed to explore local variations in superelastic response.
Ó 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Shape memory alloys (SMAs) have been intensively
studied over the past 20 years. They can take many forms,
but the most commonly studied SMA system is nickel–titanium, usually with a composition close to Ni–50 at.%Ti
[1–7]. Below some temperature, Mf, deﬁned as that at
which martensitic transformation of the parent phase to
the martensitic phase is complete, the martensitic phase
(a monoclinic B19 0 structure in the Ni–Ti case) is thermodynamically stable. On heating to a higher temperature
Af, reversion to the parent phase (a cubic B2 structure in
the Ni–Ti case) is complete. Above Af, SMAs can demonstrate superelasticity (SE), in which relatively large
mechanically imposed strains (up to  8%) can be accommodated by transformation of the parent phase to metastable martensitic variants. These variants revert to the parent
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phase on removal of the applied load. The shape memory
eﬀect (SME) can also be observed in these alloys. Application of stress to a specimen at a temperature below Mf can
lead to the strain being accommodated by reorientation of
martensitic variants. On heating above Af, however, the
martensite can transform to the parent phase in such a
way that the original shape is recovered. Subsequent
(unloaded) cooling below Mf can occur without further
shape change. Repeated cycles of deformation, heating to
give shape recovery, are possible and other types of shape
memory behaviour can also be observed.
There is growing interest in applying nanoindentation to
SMAs, partly because this technique can be used to investigate small volumes of material and thus can be used to
study local variations in mechanical response. If nanoindentation could reliably be used to determine the local
SE and SME characteristics then it would be particularly
useful for the study of joints and other regions of compositional and microstructural variation in SMA structures.
There are, however, various complications associated with
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the imposition of complex strain ﬁelds on SMAs, particularly if they are applied over a range of temperatures. Interpretation of their nanoindentation response thus requires
considerable care.
Most previous superelasticity-oriented nanoindentation
studies on SMAs have either involved loads insuﬃcient
to cause permanent deformation [8–10] or have compared
the behaviour of superelastic SMAs with that of entirely
diﬀerent material, having no shape memory properties
[11,12]. A more systematic approach, facilitated by the
increasing availability of indentation hot stages, involves
comparing the responses of a SMA above and below Af,
i.e. in regimes where a SE response would and would not
be expected. There have been several comprehensive nanoindentation studies of the SME [13–19], but lack of hot
stages has inhibited their extension to encompass SE.
While various authors [4,5,20–24] have demonstrated
that there is a diﬀerence in hardness and Young’s modulus
between SMAs in their two states, it is acknowledged that
this diﬀerence is hard to characterize. After indentation
with a Berkovich tip, it is easy to obtain hardness and
Young’s modulus values from the indentation plot, for
example using the Oliver and Pharr technique [25], but
these data are of little use if no reliable distinction between
the two states is possible. Another parameter that is easily
acquired from indentation data is the remnant depth ratio,
deﬁned as the ratio of the ﬁnal (unloaded), or remnant,
depth, drem, to the peak depth, dpeak.
It is in any event clear that several important issues in
this ﬁeld remain unresolved. In the present paper, an
attempt is made to analyse the main features of nanoindentation data obtained from SMAs and hence to identify
optimal procedures for using the technique to measure
SMA characteristics on a local scale.

Berkovich tip and also two spherical indenters (r = 650
and 10 lm). Both the Berkovich and the smaller spherical
tip were ﬁtted with tip-heaters, which were used in conjunction with a sample heating stage to give improved thermal
stability during high temperature indentation. Experiments
were conducted at up to 200 °C.
3. Finite element modelling
A model of the indentation process was developed using
ABAQUS, building on previous work in this area [26–30].
In order to simulate superelastic behaviour, a Nitinol user
subroutine (UMAT), supplied by ABAQUS, was employed
[31]. The UMAT employs a rationale proposed by Auricchio and Taylor [32,33], which is based on the concept of
generalized plasticity. The work-hardening behaviour is
assumed to exhibit a large degree of tensile-compressive
symmetry [34]. This is a potential source of error, since
there is evidence [35–37] that these alloys can be signiﬁcantly asymmetric in their yielding and work-hardening
behaviour. A comprehensive treatment would require
knowledge of the complete yield envelope and the workhardening characteristics as a function of stress state.
Neither this information nor a sub-routine for its implementation are currently available.
In any event, the subroutine employed requires the
stress–strain relationship of the system. This was assumed
to conform to the shape shown in Fig. 1 and the parameters
shown on this plot were used as input data for the model.
The large degree of tensile–compressive symmetry is apparent. A comparison is shown in Fig. 2 between experimental
stress–strain data obtained during uniform tensile and compressive loading of the Ni–Ti rod and best-ﬁt modelled
curves obtained by selection of the parameters shown in
Fig. 1. It is clear that, while the behaviour under tensile

2. Experimental procedures
Raw material was supplied by Memory Metalle GmbH
in the form of a rod of diameter 15.25 mm and composition Ti–50.2 at.%Ni. In the as-received state, the rod was
fully martensitic. This alloy can undergo parent-to-martensite phase transformations under imposed mechanical
strain, with a volume change of 0.34% and a shear strain
of 13%. The transformation can also be induced in that
direction by cooling or, in the reverse direction, by heating. Transformation temperatures (in the absence of
imposed stress or strain) were determined by diﬀerential
scanning calorimetry (DSC), using a Q1000 Thermal Analysis instrument. X-ray diﬀraction (XRD) scans were
performed over a range of temperature, using a Siemens
D500 X-ray diﬀractometer with Cu Ka (k = 0.154056
nm) radiation.
Indentation work was carried out using a MicroMaterials Nanotest 600 Nanoindenter. High load experiments
(P J 400 mN) were performed using the MicroTest pendulum, while low load experiments were carried out with the
NanoTest pendulum. Indentation was undertaken using a

Fig. 1. Stress–strain relationship for a material exhibiting superelastic
deformation, showing the input parameters for the ABAQUS model.
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the temperature is reduced to slightly below ambient. In
order to examine material behaviour through the full range
of states, prior cooling in liquid nitrogen was therefore
undertaken, to ensure that the initial state was fully martensitic. The X-ray diﬀraction data shown in Fig. 4 highlight the hysteresis eﬀects. While Fig. 4a demonstrates
that, on heating, the parent phase does not start to form
until about 75 °C, and only becomes complete at 100 °C,
Fig. 4b shows that, on cooling, martensite only starts to
form at about 50 °C and some parent phase persists down
to room temperature.
4.2. Indentation

Fig. 2. Comparison between experimental stress–strain data obtained
during uniaxial loading in tension and compression of the Ni–Ti alloy
being studied and corresponding curves obtained from ABAQUS modelling, using best ﬁt values for the parameters shown in Fig. 1.

Indentation measurements with a Berkovich (sharp) tip
yielded the plots shown in Fig. 5a. While these might
appear to reveal qualitatively diﬀerent behaviour for the
two crystallographic states, once the diﬀerence in their
mechanical properties is taken into account there is no real

loading is quite accurately represented, the constraints on
the input data parameterization are such that the compressive behaviour is less reliably captured.
4. Results and discussion
4.1. Phase transformation hysteresis behaviour
Diﬀerential scanning calorimetry traces (Fig. 3) conﬁrmed that the material transforms to the superelastic parent phase on heating above about 100 °C. On cooling, the
material only reverts fully to the martensitic phase when

Fig. 3. DSC plots for the Ni–Ti alloy being studied, during heating and
cooling. It can be inferred from these curves that the values of As and Ms
are about 70 and 60 °C, respectively.

Fig. 4. XRD spectra obtained during: (a) heating and (b) cooling.
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Fig. 5. Load–displacement plots obtained during indentation carried out
at temperatures such that the starting material would primarily be either in
the parent phase (100 °C) or in the martensitic state (25 °C), using
(a) Berkovich and (b) large spherical (r = 650 lm) indenter tips. The dwell
period at maximum load was 120 s.

evidence in these plots of superelastic recovery. When a
spherical tip is used, however, the distinction between the
two plots becomes much clearer (see Fig. 5b). In this case,
there is evidence of superelastic recovery when the material
is initially in the parent phase state, whereas there is little or
no such recovery at lower temperatures, when the starting
material is martensitic.
This diﬀerence can be explained in terms of the peak
strain levels beneath the two types of tip. Under a Berkovich tip, high peak strain levels tend to be generated immediately below the tip, even at low applied loads.
Superelastic deformation, which can only accommodate
strains of up to  8%, is not expected to be the sole, or even
the predominant, deformation mode in such high strain
regions, so the observation that most of this strain is not
recovered on unloading is unsurprising. Since superelasticity cannot fully accommodate the deformation, this high

strain will result in the generation of a high density of dislocations, through conventional plastic deformation. The
presence of an increased density of dislocations will limit
the formation of martensite within the parent phase, since
they stabilize the parent phase and will oppose its transformation to martensite. Any martensite that does form, however, may do so irreversibly, since the high dislocation
density will both pin and aid the stabilization of martensitic
variants, limiting their reversion to the parent phase, on the
removal of the applied load. Thus the high peak strains
under a sharp indenting tip will severely inhibit any superelastic recovery.
Beneath a spherical tip, on the other hand, peak strain
levels are much lower, although, since they increase with
increasing load (i.e. the loading is not self-similar), they
might approach those under a Berkovich tip at high
applied loads. The observation that much of the strain is
recovered on unloading with the spherical tip, for temperatures around or above Af (100 °C), is therefore consistent with this, and the technique appears to show
promise as a method of testing whether or not the material
can exhibit superelastic deformation and recovery. Since
the strain is much lower, not only will the material be able
to accommodate this largely through superelastic phase
transformations, but there will be little or no generation
of dislocations, so superelastic recovery will not be
inhibited.
Indenting with a large spherical tip is rather unwieldy,
especially if the technique is to be used to study thin ﬁlms
or the eﬀects of local microstructural variations. It is obviously of interest, therefore, to explore indentation with a
small spherical tip. The load–displacement plots shown in
Fig. 6 were obtained using a diamond cone polished to a
tip radius of about 10 lm. At ﬁrst glance, these plots
appear similar to those obtained with the Berkovich tip

Fig. 6. Load–displacement plots obtained during indentation carried out
at various temperatures around and below Af, using a small spherical
(r = 10 lm) indenter. The dwell period at maximum load was 10 s.
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(Fig. 5(a)), but closer examination shows that they are in
fact displaying evidence of the transition from the martensitic to the parent phase, and that superelastic recovery is
taking place. The diﬀerences between the traces at 25 and
100 °C are relatively small, but there is clearly more strain
recovery during the ﬁnal stages of unloading at the higher
temperature. This is illustrated by the plot in Fig. 7a, which
shows the remnant depth ratio (unloaded depth/peak
depth), as a function of applied load, for testing at these
two temperatures. The smaller tip used in this case will
have generated higher strains, since the strain increases
with decreasing radius. The strain levels will not, however,
have approached those typically present under a Berkovich
(sharp) tip.
It is the intermediate temperature (50 and 75 °C) plots
in Fig. 6, however, which provide the clearest evidence of

Fig. 7. Plots of remnant depth ratio as a function of: (a) peak load, at two
diﬀerent test temperatures and (b) test temperature, for two diﬀerent
loads. Testing was carried out using a small spherical (r = 10 lm) indenter,
with a dwell period at maximum load of 10 s.
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the transition between superelastic and non-superelastic
behaviour, since they exhibit much less recovery than is
observed around Af (100 °C). As the test temperature
is raised, the maximum depth of indentation is in general
expected to increase, due to conventional softening. The
contrast with superelastic behaviour is thus expected to
be higher at higher temperatures, and this is clearly

Fig. 8. FEM (axi-symmetric) meshes used for simulation of indentation
with (a) spherical (r = 10 lm) and (b) conical (cone angle = 70°) tips.
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observed. As the temperature is increased above Af not
only does the maximum depth of indentation drop, but
the remnant depth ratio also drops noticeably (Fig. 7b),
indicating that a strain recovery mechanism is operating
on unloading around Af, which was not operative at
lower temperatures. It can be seen that this diﬀerence in
remnant depth ratio persists over a range of applied load,
although the change on moving into the superelastic
regime is somewhat greater for lower loads. This is
clearly consistent with the concept that higher loads
may lead to peak strains beyond the superelastic limit,
generating dislocations and reducing the likelihood of full
reversion from martensite to parent phase on removal of
the applied load. In any event, it appears clear that the
technique, and the use of the remnant depth ratio as a
detection parameter, are suitable for local testing of
whether or not a material can exhibit superelastic
deformation.
It is also worth noting that the observed behaviour at
higher temperatures (100–200 °C in Fig. 7b) is consistent
with these interpretations. It is well known [38] that superelasticity can only occur when the stress required to induce
martensite is below that required for conventional plastic
deformation (dislocation glide) in the parent phase. Since
this becomes easier at high temperatures, as a consequence
of dislocation motion being thermally activated, and since
martensitic nucleation becomes harder, following a

Clausius–Clapeyron dependence, it is expected that, at
some temperature above Af, superelastic deformation will
become impossible. This explains the observed increase in
remnant depth ratio, to levels comparable to those
observed below Af, when the temperature is raised to
160 °C. At this temperature, conventional plastic deformation is easier than superelastic deformation and hence
dominates the behaviour.
4.3. Finite element modelling
The meshes used for the ﬁnite element modelling (FEM)
are shown in Fig. 8. These are similar to those used in previous work [26–30], with a ﬁne mesh close to the indenter
and a coarser mesh further away. Previous work [26] has
demonstrated that a conical tip represents a good approximation to a Berkovich tip, if the cone angle is set to 70°.
The cone was given a tip radius of 150 nm, comparable
to values typically quoted by tip suppliers. As a result of
the extremely high strains present beneath an indenting
cone, it was necessary to remesh after each step and, since
the Nitinol UMAT subroutine could not be used in conjunction with this remeshing, only indentation of the martensitic phase could be simulated with a conical indenter.
With the spherical indenter, on the other hand, indentation
of both the martensitic phase and the parent phase could
be simulated.

Fig. 9. Predicted distributions of equivalent plastic strain during and after indentation of martensitic Ni–Ti ((a)–(d)) and parent phase Ni–Ti ((e) and (f)).
Strain ﬁelds are for (a) a load of 100 mN and (b) after load removal for an indenting sphere (r = 10 lm), and for (c) a load of 100 mN and (d) after load
removal for an indenting cone (angle = 70°). Also shown, for the spherical indenter, are strain ﬁelds for the parent phase (e) under 75 mN load and (f) after
load removal.
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Predicted strain ﬁelds are shown in Fig. 9. It can be seen,
on comparing Fig. 9a and b with Fig. 9c and d, that the
peak strain levels are much higher with the conical indenter, although the strain ﬁeld remote from the vicinity of
the tip is similar in the two cases. There is also much less
recovery on unloading with the conical indenter. When
superelasticity is introduced (Fig. 9e and f), the peak plastic
strain is much lower. The phase transformation (superelastic) strain has clearly accommodated a considerable part of
the total strain and, on unloading, strain recovery is predicted to be substantial, in agreement with experimental
observations.
However, on comparing load–displacement plots
obtained experimentally with those from the FEM simulations, some discrepancies become apparent. This can be
seen in Fig. 10. Good agreement is observed for both
spherical and sharp (conical) indenter shapes, when there
is no superelastic deformation (i.e. when indenting the martensitic phase). The agreement is less convincing, however,
when superelastic deformation occurs (i.e. when indenting
the parent phase). The predicted peak indentation depth
is signiﬁcantly greater than that measured experimentally
and the predicted extent of recovery (remnant depth ratio)
is also appreciably larger than that observed. This suggests
that other modes of deformation, presumably conventional
plastic ﬂow, are exerting a signiﬁcant eﬀect on the observed
experimental behaviour. This also ties in with the discussion above about the limited capability of the UMAT subroutine to accommodate compressive work-hardening
characteristics diﬀering substantially from those observed
under tensile loading.
In any event, it seems clear that simulation of the changing strain ﬁeld during the process is not fully capturing the

Fig. 10. Comparison between predicted (FEM) and measured load–
displacement plots during loading and unloading, with spherical and sharp
(conical) indenters and, for the case of the spherical indenter, with and
without the superelastic (martensitic phase transformation) deformation
mechanism being operative.
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associated mechanical characteristics. This is unsurprising,
since the interactions between plastic (dislocation glide)
and superelastic (phase transformation) strains will in reality be highly complex during indentation, which involves
high strain gradients and substantial triaxial constraint.
As discussed above, even at low strains, some nucleation
and glide of dislocations is expected. The density and distribution of dislocations will aﬀect the capacity for nucleation
and growth of martensitic variants in the parent phase, and
for their subsequent reversion. Further development of the
simulation algorithms for combined superelastic/plastic
straining, and validation with simpler loading geometries,
are required before they can reliably be applied to the
indentation process. The FEM predictions presented here
nevertheless clearly indicate that the peak strain levels
under a sharp tip are much higher than those under a
sphere. They have also conﬁrmed that a small spherical
indenter can be used to test for superelastic material
response, by ensuring that the straining is at least predominantly superelastic (provided the material is capable of
deforming in this mode), and that experimental data can
reveal that this is occurring.
5. Conclusions
The following conclusions can be drawn from this work.
1. A nickel–titanium alloy has been studied, which transforms from fully martensitic at low (room) temperatures
to fully parent at high temperatures ( J 100 °C). The
parent–martensite transformation has an associated volume change of 0.34% and can be induced by mechanical
straining. The alloy was subjected to nanoindentation
over a range of temperatures (up to 200 °C). The
load–displacement data have been interpreted to give
information about whether the imposed strain was being
accommodated at least partly by the martensitic phase
transformation, i.e. whether superelastic deformation
was taking place. This interpretation was assisted by
ﬁnite element simulation of the evolving strain ﬁeld
under an indenter, with and without the superelastic
deformation mechanism being operative.
2. Using a Berkovich (sharp) tip, little diﬀerence was
observed between load–displacement plots obtained
under conditions such that superelastic deformation
was or was not expected to be possible. This is attributed to the response of the material being dominated
by regions of high strain immediately beneath the
indenter tip, well beyond the levels that can be accommodated by superelasticity. The presence of such high
strains was conﬁrmed by ﬁnite element modelling,
although (as a result of frequent remeshing being
needed during simulation runs with a sharp indenter
tip) they could only be carried out for indentation of
the martensitic phase (no superelasticity possible).
The high strain beneath the indenting tip promotes
conventional plastic deformation and the resulting
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increase in dislocation density is expected to both limit
the formation of martensite and inhibit its subsequent
reversion to the parent phase.
3. By using a spherical indenter, however, beneath which
peak strain levels are much lower, operation of the
superelastic deformation mechanism can reliably be
detected. Diﬀerences between observed load–displacement plots, with and without superelastic deformation,
were most pronounced with a large radius indenter.
Use of a large diameter indenter makes it diﬃcult to
study thin ﬁlms or the eﬀects of local microstructural
variations, but the procedure is viable even with a small
(10 lm radius) spherical indenter. It has been shown
that the dependence of the remnant indent depth ratio
(unloaded/at peak load) on test temperature can be
used as an indicator of whether superelasticity is occurring. A sharp drop in this ratio tends to be observed at
around Af, when the superelastic recovery mechanism
can no longer operate. Finite element simulations
were consistent with experimental observations of
such diﬀerences in recovery after indentation with a
small spherical indenter, with and without superelastic
deformation taking place, although there were some
discrepancies with regard to the details of the load–displacement plots for the superelastic case. Further
reﬁnement of the modelling algorithms, simulating
interactions between superelastic and non-superelastic
deformation modes, are required for fully reliable predictions. These should fully incorporate any tensile–
compressive asymmetry exhibited by the material – in
fact, ideally, they should take account of the complete
stress state dependence of yielding and work-hardening
characteristics.
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